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AN IN-FLIGHT  SIMULATION  OF  LATERAL 
CONTROL  NONLINEARITIES 

David  R. Ellis and   Narayan  W.  T i l a k  

Pr ince ton   Univers i ty  

SUMMARY 

An  in- f l igh t   s imula t ion   program  was   conducted   to   explore   in  a g e n e r a -  
l ized  way  the  inf luence of spoi le r - type   ro l l   cont ro l   nonl inear i t ies  on handling 
qua l i t i e s .   The   ro l l   r e sponses   s tud ied   t yp ica l ly   f ea tu red  a d e a d   z o n e   o r   v e r y  
small e f f ec t iveness   fo r  small cont ro l   inputs ,  a ve ry   h igh   e f f ec t iveness   fo r  
mid- range   def lec t ions ,   and  low e f fec t iveness   aga in   fo r   l a rge   i npu t s .   G iven  
o the rwise   good   hand l ing   cha rac t e r i s t i c s ,  it was   found  tha t   modera te   non-  
l i nea r i t i e s  of the   types   t es ted   might   y ie ld   acceptab le   ro l l   cont ro l ,   bu t   the  
best leve l  of handl ing  qual i t ies  is obtained  with  l inear ,   a i leron-l ike  control .  

INTRODUCTION 

Rol l   con t ro l   spo i l e r s   have   been   u sed   compara t ive ly   r a r e ly   on   l i gh t  
a i rp lanes ,   bu t   they  are  now receiving new a t t e n t i o n   f r o m   r e s e a r c h e r s   a n d  
des igners   in ten t   upon  d i sp lac ing   a i le rons   wi th   fu l l - span   h igh  l i f t  dev ices  
(Reference  1) .   This   act ivi ty   has   highl ighted  the  long-known  fact   that   the  
lift change,   and  hence  the  rol l ing  moment ,   produced  by a s p o i l e r   m a y  be 
qui te   nonl inear   wi th   def lec t ion .   The   typ ica l   form of the   nonl inear i ty   for  a 
spoi le r   loca ted   ahead  of a def lec ted   f lap  is shown  in  Figure  1;  it f e a t u r e s  
little o r  no r e s p o n s e   f o r  small spoi ler   openings,   fol lowed  by a high  level  
of e f fec t iveness   for   the   mid-def lec t ion   range   and  low effect iveness   again 

Rolling Moment 
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.I2 
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0 

y, increasing 

- 
0 2 0 4 0 6 0  
Spoiler Deflection, deg 

fo r   l a rge   de f l ec t ions .   The  effective- 
ness   var ies   somewhat   wi th   angle  of 
a t t ack ,   wh ich   accoun t s   fo r   t he   sp read  
at high  def lect ions.  

If spoi ler   opening is d i r e c t l y   p r o -  
por t iona l   to   cockpi t   cont ro l   def lec t ion ,  
then  the p i lo t   wi l l   have   to   cope   wi th  a 
s i tua t ion   qu i te   d i f fe ren t   f rom  the  
familiar n e a r   - l i n e a r   r e s p o n s e   f u r  - 
nished   by   convent iona l   a i le rons .   Non-  
l inear   cont ro l   l inkages   may be p r o -  
v i d e d   t o   c o m p e n s a t e   f o r   t h e   i r r e g u l a r  

F i g u r e  1 - Typica l   Spoi le r  Effec- 
t i v e n e s s   C h a r a c t e r i s t i c s  



spoi le r   e f fec t iveness ;   on   the   o ther   hand ,   th i s  is a complicat ion  which  might  
be unnecessa ry  if the nonl inear   response   wi l l   no t   se r ious ly   degrade   the   hand-  
l ing  qual i t ies  of t he   a i rp l ane .  

The   in - f l igh t   inves t iga t io-n   descr ibed   in   th i s   repor t   sought   to   explore  
in a general ized  way  the  inf luence of t hese   spo i l e r - type   ro l l   r e sponse   non-  
l inear i t ies   on  handl ing  qual i t ies .  It was   o r i en ted   t oward  small g e n e r a l   a v i a -  
t ion   a i rp lanes   in  terms of b a s i c  airframe charac te r i s t ics   and   p i lo t ing   task .  
F i v e   p i l o t s ,   m o s t  of them  with  considerable   handl ing  qual i t ies   evaluat ion ex-  
pe r i ence ,   pa r t i c ipa t ed   i n   t he   t e s t s .  

DESCRIPTION  OF  THE  EXPERIMENT 

IN-FLIGHT  SIMULATOR - The   t e s t   veh ic l e   was   t he   i n - f l i gh t   s imu la to r  
shown  in   F igure  2 and  descr ibed   in   de ta i l   in   Appendix  1. F o r   t h i s   e x p e r i m e n t  
it is suff ic ient   to   note   that  the evaluat ion  pi lot   operates   "f ly-by-wire"   cockpi t  

F i g u r e  2 - In-f l ight   Simulator  

cont ro ls   which   provide   e lec t r ica l   s ig-  
na ls   to   command  the   e lec t ro-hydraul ic  
con t ro l   su r f ace   ac tua to r s ;   e l ec t ron ic  
s igna l  shp.ping w a s   i n c o r p o r a t e d   t o  
p r o v i d e   v a r i o u s   f o r m s  of nonl inear  
gear ing   be tween  cont ro l   wheel   and  
a i le ron   in   addi t ion   to   the   normal  
l i nea r   mode  of o p e r a t i o n .   F o r   s o m e  
cases   t he   ro l l   damping   and   ro l l   con -  
t r o l   p o w e r   w e r e   l o w e r e d   t o   s i m u l a t e  
a more   s luggish ly   responding  a i r -  
plane.  

TEST  CONFIGURATIONS - The  no tab le   fea tures  of the  nonl inear  r e -  
sponse  shown  in   Figure 1 are  t h e   d e a d   z o n e   o r   v e r y  small e f fec t iveness   for  
small spo i l e r   (o r   whee l )   de f l ec t ions ,   t he   ve ry   h igh   e f f ec t iveness  of the   middle  
reg ion ,   and   the   decreased   sens i t iv i ty   for  large cont ro l   def lec t ions .   This   type  
of nonl inear   funct ion  was  approximated  in   the  tes t   a i rplane  with  three  s t ra ight  
l ine   segments   in   the   manner   descr ibed   in   Appendix  2. 

P re l imina ry   f l i gh t  trials ind ica ted   tha t   the   more   impor tan t   fea tures   to  
be explored   were   the   ex ten t  of the   in i t ia l   reg ion  of small response   and   the   s lope ,  
o r   s ens i t i v i ty ,  of t he   mid   r eg ion  of h ighes t   e f fec t iveness .   F igure  3 shows  the  
r e su l t i ng   s even   t e s t   va r i a t ions ,   i dea l i zed   i n  terms of the i r   s t r a igh t   l i ne   app rox i -  
ma t ions .   They   may  be desc r ibed   b r i e f ly  as follows: 

Conf igura t ion   Zero   ( labe led  110'1) - L i n e a r   r o l l   r e s p o n s e  (i. e . ,   a i l e ron   on ly ) ,  
u sed  as t h e  basis fo r   compar i son .  

2 
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F i g u r e  3 - Nonlinear   Rol l   Response  Configurat ions 

Configurat ions 1 and 2 - Varia t ions   to   de te rmine   the   in f luence  of the  extent  
of dead  zone  (about 1870 and 3670, o r  14.5O  and 29O 
of the  avai lable  80° cont ro l   wheel   def lec t ion) .  

Configuration 3 - A var ia t ion  of Configuration 1 t o   p e r m i t   c o m p a r i s o n  
of t h e   c a s e  of a small in i t ia l   response   (one- th i rd   the  
grad ien t  of the   second  segment )   wi th   tha t  of a pu re  
dead  zone.  

Configuration 4 - A var ia t ion   to   be   compared   wi th   Conf igura t ions  1 
and  2 ,  to   t es t   the   in f luence  of a very   h igh   grad ien t  
fo r   t he   s econd   s egmen t  of the   response .  

Configuration 5 - A var ia t ion   wi th   an   in i t ia l   response   resembl ing  
Configuration 4 ,  bu t   wi th   lowered   response   for  
l a r g e   w h e e l   d e f l e c t i o n s ,   t h u s   m o r e   c l o s e l y   r e s e m -  
b l ing   t he   F igu re  1 c h a r a c t e r i s t i c s .  

Configuration 6 - A var ia t ion  of Configuration 5, s imula t ing   the  r e -  
m o v a l  of the   dead   zone   by   symmetr ica l   up- r igg ing  
of the   spoi le rs .  

R e g a r d l e s s  of configurat ion,  10070 of the   ava i lab le   ro l l ing   moment   was  
obtainable   with  maximum  wheel   def lect ion.  

In   addi t ion   to   the   above   var ia t ions   in   the   na ture  of t he   con t ro l ,   p ro -  
v i s i o n   w a s   m a d e   f o r   t w o   v a r i a t i o n s   i n  the b a s i c   r o l l   r e s p o n s e  of the   a i rp lane .  
These   might  best be d e s c r i b e d  as "typical ly   quick"  and  "comparat ively  s low' '  
f o r   l i gh t   a i rp l anes   (Re fe rence  2 ) ,  cor re spond ing ,   fo r   example ,   t o   rough ly  

3 



doubling  the  rol l ing  moment  of iner t ia   by   f i l l ing   ou tboard   wing   fue l   t anks .   In  
this s i tua t ion   bo th   the  available ro l l   a cce l e ra t ion  ( L b a w )  and   ro l l   damping  (Lp) 
are decreased   bu t   the   s teady  state roll rate f o r  a given  wheel   def lect ion re -  
mains   cons tan t .   The   parameters   def in ing   the   two  cases  are' l i s ted   be low  for  
a nominal   speed of 70  knots. 

TABLE 1 

R o l l   C o n t r o l   C h a r a c t e r i s t i c s  

I Response  Parameter 
Response   Type  

"Quick" I "Slow 1 1  

Available   Rol l   Accelerat ion 

L6 aw 'awmax - r a d /  sec' 

1. 14 1. 14  Maximum  S teady   Rol l   Rate  - r a d /  sec 

0. 59 0.24  Rol l   Mode  Time  Constant ,  7, - s e c  

1. 68 4 .11  Roll   Damping,  Lp - 1 / sec 

1. 91 4 .66  

Detai led  information  on  the  yawing  moment   character is t ics  of the 
spoi le rs   was   no t   read i ly   ava i lab le ,  so  Ndaw w a s   s e l e c t e d   t o   b e   z e r o   f o r   t h e  
t e s t s .   The   o the r   l a t e ra l -d i r ec t iona l   cha rac t e r i s t i c s   were   t hose  of the   bas ic  
test a i rp lane .   At  7 0  kno t s   t hese   were :  

Spi ra l   Mode  - s l igh t ly   d ivergent  
. Direc t iona l   S tab i l i ty  - m o d e r a t e  (wd 2 1 . 3   r a d /  sec) 
- Dutch R 011 Damping - adequate  (Cd 2 . 15)  

A wheel- type  cockpi t   rol l   control   was  used,   wi th a maximum  ro ta t ion  
of *80°. Spr ing   fee l   wi th  no de tec t ab le   b reakou t   fo rce   and  a gradien t  of 4.45N 
p e r  l o o  (one  pound  per l o o )  of wheel   def lec t ion   was   p rovided .   The   ou ter   sur face  
of t he   hand   g r ip   was   14   cm  (5 .5  in .  ) f r o m   t h e   c e n t e r  of rotat ion.  

TEST  PROCEDURE AND  CONDITIONS - Tes t ing   was   l imi t ed  to  a p -  
proaches  and  landings,   including  actual   touchdowns.   The  experiments   were 
f lown  in   natural   condi t ions  ( that  is, the   on-board   tu rbulence   s imula t ion   sys tem 
was   no t   u sed ) ,   wh ich   r anged   f rom calm wea the r   t o   gus t ing  20 knot c ros swinds  
wi th   modera t e   t o   heavy   t u rbu lence .  

4 



The   p rocedure   ca l l ed   fo r   t he   eva lua t ion   p i lo t   t o   a s sume   con t ro l   on  
the  downwind  leg of t he   approach ,   and   e i the r   t u rn   t o   i n t e rcep t   t he  available 
microwave  ILS loca l i ze r   and   g l ide   s lope   o r   comple t e  a normal   v i sua l   l anding  
pa t te rn .   The   sa fe ty   p i lo t   resumed  cont ro l  after touchdown  and  during  the 
climb reconf igured   the   a i rp lane   for   the   next   run .  

P r i m a r y   d a t a   c o n s i s t e d  of eva lua t ion   p i lo t   commentary   and   ra t ings ,  
fo l lowing   t he   s t anda rd   Cooper -Harpe r   sys t em  (Refe rence  3 ) .  In addition, 
time h i s t o r i e s  of cont ro l   inputs   and   a i rp lane   mot ions   were   t e lemetered   to  
the   g round  and   recorded .  

RESULTS  AND  DISCUSSION 

CRITICAL  TASK - In i t ia l   p lans   ca l led   for   the   inc lus ion  of ILS. a p -  
p roaches   i n   t he   eva lua t ions ,   bu t  a few trials ind ica t ed   t ha t   t he   cha rac t e r i s -  
t i cs   be ing   examined   were   no t   c r i t i ca l   in   tha t   t ask .   Al though  cont ro l   ac t iv i ty  
and   ove ra l l   work load   d id   va ry   somewha t ,   con t ro l   ove r   ave rage   bank   ang le  
and   heading   was   qu i te   acceptab le   for  all configurat ions  and a uni formly   h igh  
s t anda rd  of l oca l i ze r   t r ack ing   cou ld  be maintained.  

A s  a r e s u l t  of this   f inding,  all f u r t h e r   t e s t i n g   f e a t u r e d   v i s u a l   a p -  
proaches ,   inc luding   br i sk   runway  a l ignment   maneuvers .   S igni f icant   d i f fe r -  
ences   in   handl ing   qua l i t i es   be tween  conf igura t ions   became  apparent ,   however ,  
on ly   dur ing   the   f ina l   phase  of l ineup   and-dur ing   the  flare and  touchdown.   The 
fol lowing  discussion  wil l   concentrate   on  the  resul ts   for   those  phases  of the 
landing. 

GENERAL  COMPARATIVE  RESULTS - T h e   g e n e r a l   t r e n d  of the  re -  
su l t s   may  be seen   i n   F igu re  4 ,  which  presents   pi lot   ra t ing  data   for   each of 
the   var ia t ions   f lown.   The   p lo t ted   po in t   represents   in   each   case   the   average  
p i lo t   ra t ing   and   the   ver t ica l   bar   the   range  of r a t ing .   F ive   d i f f e ren t   p i lo t s   pa r -  
t i c ipa ted   in   the   p rogram;   each   var ia t ion   shown  was   ra ted   by  at least two,   and  
in m o s t   c a s e s   f o u r  of the   f ive .   Between  two  and   f ive   runs   were   usua l ly   f lown 
before   ra t ing  a given  configurat ion.   The data were   ob ta ined   fo r   wea the r   con -  
d i t i o n s   r a n g i n g   f r o m   c a l m  air to   gus ty   c rosswinds .  

The   l inear   cont ro l ,   "quick"   responding   a i rp lane   might  be cons ide red  
a base l ine  case; it was   a lmost   unanimous ly  rated a v e r y   s a t i s f a c t o r y  2 .  0 -2 .5  
under  all condi t ions  by all f ive  pi lots .  Precise cont ro l   over   bank   angle   could  
be main ta ined   even   in   tu rbulence ,   and   th i s   qua l i ty   l ed   to   good lateral posi t ion-  
i ng   p r io r   t o   t ouchdown.  

Scanning   over   the   o ther   conf igura t ions   in   F igure  4 reveals a gene ra l ,  
though  not   universal ,   degradat ion for the   "s low"  responding   a i rp lane   compared  
to   the   "quick t f   one .   The   p i lo t s   usua l ly  felt t ha t   t hey   needed   more   ro l l   a cce l e ra -  
t ion   capabi l i ty   to   qu ick ly   counter   gus ts   and   accura te ly   pos i t ion   the   a i rp lane  

5 
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CONFIGURATION 

F i g u r e  4 - Pi lo t   Ra t ing   Resu l t s   fo r   Var ious   Ro l l   Response   Conf igu ra t ions  

pr ior   to   touchdown  ( the   except iona l  cases - Configurat ions 4, 5, and  6 - wil l  be 
covered  in  a la te r   sec t ion) .  

Also  general ly   notable  is  t h e   f a c t   t h a t   a n   a v e r a g e   r a t i n g  of 3 .5  o r  better 
(def in i te ly   sa t i s fac tory)  is a t ta inable   on ly   for   cases   wi thout   dead   zone   in   the   ro l l  
r e sponse  - Conf igura t ions   Zero ,  3 ,  and  6. The   fo l lowing   sec t ions   cover   the  ef-  
f e c t s  of the  nonl inear i t ies  in detai l .  

E F F E C T   O F  DEAD ZONE - The  inf luence of an  ini t ia l   dead  zone  in   the 
ro l l   response   may  be   seen   by   compar ing   the   resu l t s   for   Conf igura t ion   Zero   (no  
dead  zone) ,   Configurat ion 1 (18%, 14.4O, 3 . 6  cm o r  1.4" of dead   zone) ,   and   Con-  
f igurat ion 2 ( twice  the  dead  zone of Configurat ion  1) .  

6 



The "quick"  responding  a i rplane is c lear ly   sa t i s fac tory   wi th   no   dead  
zone.  A degrada t ion  is a p p a r e n t   f o r   t h e   s u c c e s s i v e l y   l a r g e r   d e a d   z o n e s ,   t h e  
main   p roblem  be ing   no tab le   de te r iora t ion   in   ab i l i ty   to   a t ta in   o r   ho ld  a d e -  
sired bank  angle ,   wi th   consequent   widening of lateral touchdown  dispers ion.  
T h e   l a r g e r   d i s p e r s i o n  w a s  no t   cons ide red   s e r ious   fo r   no rma l   runway   ope ra -  
t ions   wi th   the   "quick"   a i rp lane ,   however ,   s ince  the es t ima ted   pe r fo rmance  
w a s  f. 9 m  ( f 3  f t )  c o m p a r e d   t o  *. 3m ( f l  f t )  at tainable  without  dead  zone. 

A.n inc rease   i n   con t ro l   ac t iv i ty   was   measu red   fo r   i nc reas ing   dead  
zone  extent .   This  is shown  in   the time h i s t o r i e s  of F i g u r e  5, which   d i sp lays  

typ ica l   bank   angle   and   wheel   mot ions  
f o r   t h e  last 15 seconds   before   touch-  
down  for   the  "quick"  configurat ions.  
The   bank   ang le   excur s ions  are  seen  
t o   b e   g e n e r a l l y  less than  Zo, but 
while  l o o  of wheel   th row is se ldom 
exceeded   wi th   the   l inear   a i rp lane ,  
u s e  of 30° o r  40° is not unusual  with 
dead   zone   present .  

"- Conf 0 "Quick" response 
- C o d  2 "Quick" response 

ongle 

-60' [a 
Wheel 
throw 0 

8O'L 

IS 10 5 0 
Time to touchdown , sec 

Cons ide rab ly   more   r a t ing   deg ra -  
da t ion   due   to   dead   zone   occur red   for  
t he   " s low"   r e spond ing   a i rp l ane ;   F ig -  
u r e  4 ind ica tes   tha t  a marg ina l ly -  
s a t i s f ac to ry  3 - 4  r a t ing   fo r  no dead 
zone   becomes  a ser iously  def ic ient  
7 - 8  with 36'70 dead  zone.  Even  though 
the   s t eady  state ro l l   pe r fo rmance  of 
the  "s low"  responding  a i rplane  was 
good,   and   the   overa l l   handl ing   very  
a d e q u a t e   f o r   t u r n i n g   m a n e u v e r s   d u r -  
ing   the-approach ,   the   p i lo t s   no ted   an  
inabi l i ty   to   qu ick ly   counter   gus t   up-  
sets and   accu ra t e ly   pos i t i on   t he  air-  
p lane   dur ing   the  f i n a l  s t a g e s  of t he  
landing.   This  is graphical ly   evident  
i n   F igu re  6, which  compares   "quick" 
and  "s low"  responding  vers ions of 
Configurat ion 2 with   i t s  36'70 dead  
zone. 

F i g u r e  5 - Contro l   Act iv i ty   and  
Bank  Angle   Excurs ions   wi th   and  

without  Dead  Zone 
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IS IO S 0 
t ime lo touchdown , sac 

F i g u r e  6 - Compar i son  of "Quick"  and  "Slow"  Responding 
Airp lanes   wi th   Cont ro l   Dead   Zone  

IMPROVEMENT  BY  PROVIDING  INITIAL  RESPONSE - Conf igura-  
t ion 3 fea tured   an   in i t ia l   l inear   bu t   low-sens i t iv i ty   response ,   fo l lowed  by  
modera t e   e f f ec t iveness  after about 25' of wheel   t rave l .   As   ind ica ted   in  
F i g u r e  4, t h i s   w a s   r a t e d  at the 3 level for   the   "quick"   a i rp lane   and  at the  
4 .  5 .  l eve l   for   the   "s low"  responding   one ;   th i s   p laced  it be tween  l inear  
Configurat ion  Zero  and  Configurat ion 1 with small dead  zone,  as might   be  
expected.   The  pi lots   commented  that   the  small reg ion  of l inear   opera t ion  
was   apprec ia ted   even   though  the   e f fec t iveness   was   low;  it was   adequa te   fo r  
small o r  low rate   bank  angle   changes  and  tended t o  so f t en   t he   t r ans i t i on   t o  
the   reg ion  of high  effectiveness.  

E F F E C T  O F  CONTROL  SENSITIVITY - The  p i lo t s   ind ica ted   tha t   the  
cont ro l   sens i t iv i ty   in   the   e f fec t ive   range  of wheel   mot ion   for   Conf igura t ions  
Zero ,   1 ,   and  2 was   s a t i s f ac to ry .   S ince   some   w ind   t unne l   r e su l t s   i nd ica t ed  
the  possibi l i ty  of cons iderably   h igher   g rad ien ts   in   th i s   e f fec t ive   reg ion ,   Con-  
f igurat ion 4 was   p rovided  as a comparison  with  Configurat ion 1.   Both  had  the 
same 16%  dead  zone,   but   the   gradient   (def ined as  percentage  change  in  roll ing 
m o m e n t   f o r  a g iven   percentage   change   in   wheel   def lec t ion)   was   increased   f rom 
1.73  to  5.  66. 

F i g u r e  4 ind ica tes   tha t   th i s   increased   cont ro l   sens i t iv i ty   degraded   the  
"quick"   response   a i rp lane   f rom  the   3 .   5 -4   ra t ing   l eve l   down  to  a 4-5,   whi le  
the   "s low"  responding   machine   was   improved   f rom a 5 . 5   - 6 . 5   r a t i n g   t o  
t h e  4 .  0 level.  In  t h e   f o r m e r   c a s e ,   t h e   p i l o t s   c o m m e n t e d   o n  a re luc tance   to  
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move  vigorously  into  the  effect ive  region  with  high  sensi t ivi ty   because of t he  
possibi l i ty  of excess ive   o r   ' $ j e rky"   r e sponse .   Th i s   ab rup tness   was   so f t ened  
by   the   dynamics  of the  "s low"  response  machine,   and  the  abi l i ty   to   subdue  up-  
se t s   and   maneuver   wi th   smal le r   cont ro l   inputs   than   wi th   Conf igura t ion  1 w a s  
apprec ia ted .  

OTHER  CONFIGURATIONS  -Configuration 5 had  the 16% dead  zone  and 
high  sensitivity  of  C.onfiguration 4 ,  but   featured a lowered   sens i t iv i ty   for   wheel  
t rave l   beyond 2 5 O ,  thus   more   c lose ly   approximat ing   some of the  wind  tunnel r e -  
sul ts   a t   large  def lect ions.   Configurat ion 6 had   nea r ly   t he   s ame   g rad ien t s ,   bu t   t he  
dead   zone   was   removed,   s imula t ing  a symmet r i ca l   up - r igg ing  of both  spoi lers .  

The   p i lo t   r a t ing   r e su l t s   a r e   aga in   d i sp l ayed   i n   F igu re  4 ,  where   t hese   two  
c a s e s   m a y  be compared   wi th   Conf igura t ions   Zero   and  4. Some small improve -  
ment   over   Configurat ion 4 may  be  noted,   apparent ly   because  the  large  wheel  
def lect ion  range  could  be  used  comfortably;   complete   removal  of the  dead  zone 
ra i ses   the   ra t ing   to   the  3 .  5 l eve l   due   t o   improvemen t   i n   p rec i s ion  of con t ro l  
and   ab i l i ty   to   qu ick ly   suppress   gus t   upse ts .  A s  with  Configuration 4 ,  t h e r e  is 
l i t t le   ra t ing  difference  between  "quick"  and  "s low"  cases ,   the   high  effect ive-  
ness   for   reasonably  small control   def lect ions  tending  to   make  up  for   the  de-  
f ic ienc ies  of the  dynamic  response.  

CONCLUSIONS 

T h i s   r e p o r t   p r e s e n t s   t h e   r e s u l t s  of an   explora tory   inves t iga t ion  of the 
effects  of spoi le r - type   ro l l   response   nonl inear i t ies  on  l ight  airplane  handling 
qua l i t i es .  In order   to   s impl i fy   the   exper iment   f ixed-gradien t   l inear   cont ro l  
fee l   was   used ,   spoi le r   - induced  yaw was   a s sumed   t o   be   ze ro ,   spo i l e r   e f f ec t ive  - 
ness   was  not changed as  a function of angle   of   a t tack,   and  operat ions  were  con-  
duc ted   in   ac tua l   ( ra ther   than   s imula ted)   winds   and   tu rbulence .   However ,  it is 
fe l t   tha t   the   genera l   t rends   o f   the   resu l t s   a re   va l id ,   and   tha t   the   fo l lowing   con-  
c lus ions   may  be   d rawn:  

-Bank  angle   cont ro l   and   la te ra l   pos i t ion ing   dur ing   landing   f la re   and  
touchdown  a re   c r i t i ca l   ro l l   cont ro l   eva lua t ion   tasks .   Approach  
maneuver ing   and  ILS t r a c k i n g   a r e   l e s s   d e m a n d i n g .  

- Given  otherwise  good  la teral-direct ional   handl ing  qual i t ies ,   moderate  
r e sponse   l i nea r i t i e s  of the   types   t es ted   y ie ld   acceptab le   ro l l   cont ro l .  
However ,   the   bes t   l eve l  of handl ing  qual i t ies  is obtained  with  l inear ,  
a i le ron- l ike   cont ro l .  

-Ra the r   l a rge   con t ro l   dead   zones   can   be   t o l e ra t ed   bu t   even  a low e f -  
fec t iveness   reg ion   for  small wheel   def lect ions is useful.  

* R e m o v a l  of the  effect iveness   dead  zone  (by  spoi ler   up-r igging,   for  
example)  is helpful ,   even  though  the  rol l   response  for  small con t ro l  
inputs   may  be  large.  
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APPENDIX A 

THE  IN-FLIGHT  SIMULATOR 

General  Features 

0 5 5 - 1 5 0  kt speed range 
flight path angks k -18. 

0 evaluation pilot, safety pibt, 
observer 

0 redundart cantrol servos and 
Enlorgal vertical tail far law speed, 

electronics for safety 
revem thrust flight 

0 wide simulation range 

Telemetry data acquisition 

Up-and-down deflecting flap for 
lift modulation 

” ./- 
Radar  altimeter 

Reversible  propeller fa 
thrust/drog modulation 

Sensors for variable  response in steep  approaches 
system  and flight data Strengthened landing gear 

to albw actual touchdowns 

GENERAL  DESCRIPTION 

The  In-f l ight   Simulator  is based  upon a modified  Ryan  Navion airframe; 
the  power  plant is a Teledyne-Continental  IO-52OB engine of 212.6  kilowatts 
(285  hp)  driving a Har tze l l   revers ing   propel le r .   Gross   weight   has   been   increased  
f r o m t h e   o r i g i n a l  12230 t o  14010 N (2570 to 3150 lb). 

Two  external ly   not iceable  airframe modif ica t ions   were   made   to  im- 
p rove   t he   r e sea rch   capab i l i t y  of the  machine:  

A1 



The   f l ap   h ing ing   and   ac tua t ion   were   changed   t o   a l l ow  up ,  as w e l l  as 
down,   def lect ion  over  a *30   deg   range ,   resu l t ing   in   increased   l i f t   modula-  
t ion   au thor i ty   and  smaller d r a g   c h a n g e s   c o m p a r e d   t o   t h e   p r e v i o u s  0-40 deg  
down-only  f lap.   Aerodynamics of t he   bas i c  airframe and  of t h i s   f l a p   a r r a n g e -  
ment   were   explored   in   the   fu l l - sca le   wind   tunnel   t es t s   repor ted   in   References  
A1  and  A2. 

The   second  change   was   an   increase   in   ver t ica l  tail a r e a   m a d e   n e c e s -  
s a ry   by   s e r ious   l o s ses   i n   d i r ec t iona l   s t ab i l i t y   when   ope ra t ing   i n   t he   r eve r se  
th rus t   r ange .   Th i s   was   p red ic t ed   by   t he   w ind   t unne l   t e s t s   and   conf i rmed   i n  
flight. A 3 5 . 6   c m  (14") extens ion ,   added   to   the   base  of the  f in   and  bot tom of t h e  
r u d d e r ,   i n c r e a s e d   v e r t i c a l  tail area by   near ly  5070 and  so lved   the   p roblem,  
though at the   expense  of increased   gus t   response   and   h igh   rudder   peda l  
forces   in   forward- thrus t ing   f l igh t .  

The   no rma l   Nav ion   ma in   l and ing   gea r   s t ru t s   were   r ep laced   w i th   t hose  
f r o m  a C.amair   twin  (Navion  conversion  with  near ly  4070 i n c r e a s e   i n   g r o s s  
we igh t ) .   Drop   t e s t s   were   conduc ted   t o   op t imize   o l eo   s t ru t   i n f l a t ion   and 'o r i -  
f ice   s ize ,   the   f inal   resul ts   indicat ing  that   the   landing  s ink  ra te  may be as  
high as  3. 8 m /  s (12.5 ft /s  before   permanent   se t   wi l l   occur   in   the   main   gear   o r  
a t taching  s t ructure .   The  or iginal   Navion  nose gear  s t ru t   was   r e t a ined ,   bu t   ad -  
jacent   a t tachment   f i t t ings   and   s t ruc ture   were   s t rengthened .  

Other   changes   inc luded   redes ign   and   re loca t ion  of the   ins t rument   pane l ,  
and   incorpora t ion  of a s i n g l e   r e a r   s e a t   a r r a n g e m e n t   i n   p l a c e  of t h e   f o r m e r  
bench seat in o rde r   t o   accommoda te   e l ec t ron ic s   and   i n s t rumen ta t ion   equ ip -  
ment .  

VARIABLE  RESPONSE  CONTROL  SYSTEM 

The  in-f l ight   s imulator   ut i l izes   what  is now commonly  known as  a 
" f ly-by-wire"   cont ro l   sys tem,   tha t  is, power -ac tua ted   con t ro l   su r f aces   com-  
manded  by   e lec t r ica l   s igna ls .   The   s igna ls   come  f rom  the   var ious   cockpi t  
con t ro l l e r s   and   mo t ion   s enso r s ,   and   when   appropr i a t e ly   p rocessed   and  
summed ,   p rov ide  a ne t   s igna l   t o   each   s e rvo -ac tua to r ,   and ,   hence ,   an  a i r -  
p lane   response  of a pa r t i cu la r   cha rac t e r   and   magn i tude .   In   t h i s   ca se ,   t he  
s e r v o s   a r e   h y d r a u l i c ,   s u p p l i e d  by an   engine-dr iven   hydraul ic   pump  de l iver -  
ing  about  .03 m3/  min  at 5 x 10 6 N /  m2 ( 9  gpm  a t  725 p s i   p r e s s u r e ) .  

Independent   cont ro l   over   the   th ree   angular   and   two of t he   t h ree   l i nea r  
d e g r e e s  of f r e e d o m  is provided   for  - the miss ing  one  being  s ideways  motion.  

MOMENT  CONTROLS - Contro l   over   p i tch ing ,   ro l l ing ,   and   yawing  
a re   t h rough   conven t iona l   e l eva to r ,   a i l e ron ,   and   rudde r   con t ro l   su r f aces .   The  
fu l l   au thor i ty   ( tha t  is, m a x i m u m   t r a v e l )  of each   su r f ace  is ava i lab le ,   and   the  



maximum  de f l ec t ion  rate i n   e a c h   c a s e  is about 70  deg /  s. At a typica l  low 
opera t ing   speed  of 7 0  knots ,  the ava i lab le   cont ro l   powers  are ,  respec t ive ly  

P i t ch :  *4.4 r a d /  s" ( f r o m  trim) 

Roll:   r t4.1  rad/ s" 

Yaw: *l. 3 r a d /  s2 

T h e   p r e s e n t l y  available inpu t s   t o   each  of these cont ro ls   a re   shown 
in   Tab le   A l .  

NORMAL  FORCE  CONTROL - Independen t   con t ro l   ove r   no rma l  ac-  
ce l e ra t ion  is  exerc ised   th rough  the   Navion   f lap ,   modi f ied   to   def lec t   up ,  as  
w e l l  as down,   through a *30 deg   range .   The   upward   mot ion   provides   in -  
c r e a s e d  lift modula t ion   au thor i ty   and   tends   to   min imize   the   p roblems of 
d rag   and   ang le   o f   ze ro  l i f t  changes.  

Actuat ion is hydraul ic ,   wi th  a max imum  ava i l ab le   su r f ace  rate of 
110  deg/  s. At 7 0  knots ,   the   avai lable   authori ty  is s l igh t ly   more   t han  5 0 .  5 g .  

Inputs   p resent ly   ava i lab le   a re   shown  in   Table   A2.  

THRUST  CONTROL - Thrus t   and   d rag   modu la t ion  is by   d i r ec t   con -  
t r o l  of the   b lade   p i tch   on   the   Har tze l l   revers ing   propel le r ,   wi th   the   engine  
governed   a t   2300 f 3 0   r p m   b y   m e a n s  of a t achomete r   f eedback   and   t h ro t t l e  
s e rvoac tua to r .   Th i s   sys t em  a l lows   p rec i se   con t ro l   ove r   t h rus t   and   d rag  at 
f l i gh t   pa th   ang le s   and /   o r   dece le ra t ion   r a t e s   we l l   beyond   t he   capab i l i t y  of t he  
bas ic   a i rp lane   wi th   normal   powerplan t   and   c losed   th ro t t le .  

P rope l l e r   b l ade   p i t ch  is commanded  th rough  an   e lec t rohydraul ic  
ac tua tor   connec ted   to   the   mechanica l - feedback   se rvo   which   normal ly   d r ives  
the   r eve r s ing   p rope l l e r   when  it is operat ing  in  its "Beta"   mode.   The  blade 
p i tch   range   present ly   used  is $25 to   -8   deg.   With  the  engine  governed  a t  
2300   rpm,   t h i s   p rov ides   pe r fo rmance   r ang ing   f rom  modes t   c l imb   ( abou t  
152 m/ m i n   o r   5 0 0   f t /   m i n )   t o   s t e e p   d e s c e n t  (Y 2 -18 deg  with V = 70 knots).  
Maximum  b lade   ac tua t ion  rate is about 2 0  deg/  s. 

Inputs   to   the   th rus t /   d rag   modula t ion   sys tem are shown  in  Table 3. 

INTERCONNECTS - It m a y  be  noted  in  the lists of i n p u t s   f o r   t h e   s y s -  
tem (Tab les   A l -A3)   t ha t   s eve ra l   coup l ing   func t ions  are p r o v i d e d .   F o r   s o m e  
expe r imen t s ,  it is d e s i r a b l e   t o   r e m o v e   i n t e r a c t i n g  effects in   the basic a i r -  
frame: l i f t  a n d   m o m e n t   c h a n g e s   f r o m   t h r u s t   m a y  be e l imina ted   wi th   in te r -  
connec t s   be tween   t he   p rope l l e r   p i t ch   s enso r   and  the f lap   and   e leva tor ;   and  
p i t ch ing   moment s   due   t o  flap angle   and   f lap  rate are c.ountered  with  inputs 
t o  the e leva tor .  
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TABLE A1 

INPUTS  TO  MOMENT  CONTROLS 

C hanne 1 

P i t c h  

Input 

Cont ro l   co lumn  d isp lacement  

T h r u s t   l e v e r  

Column  thumbwheel  

Radar   a l t i tude  

Ai r   speed  

Angle of a t t ack  

P i t ch   a t t i t ude  

P i t c h  rate 

F lap   ang le  

F lap  rate 

P rope l l e r   p i t ch  

In tegra l  of co lumn  d isp lacement  

S imula ted   tu rbulence  

R 011 Wheel   d i sp lacement  

S ides l ip  

R o l l  r a t e  

Yaw r a t e  

Rudder   peda l   d i sp lacement  

S imula ted   tu rbulence  

Yaw Rudder   pedal   displacement  

Sides   l ip  

Y a w  r a t e  

Ro l l   r a t e  

Wheel   d i sp lacement  

S imula ted   tu rbulence  

Funct ion   Var ied  

Cont ro l   sens i t iv i ty  

S imula ted   moment   due   to   th rus t  

Simulated  DLC  moment  

Ground  effect   moment  

Speed   s tab i l i ty  

Stat ic   s tabi l i ty  

Att i tude  hold  sensi t ivi ty  

P i tch   damping  

T r i m   c h a n g e   f r o m   f l a p  

Moment   f rom  f l ap  rate 
(approximate  M . ) 

CY 

Moment  due t o  t h r u s t  

R a t e  command  ga in  

Turbu lence   r e sponse  

Control   sensi t ivi ty  

Dihedra l   e f fec t  

R 011 damping 

Ro l l   due   t o  yaw rate 

Rol l   due   to   rudder  

Turbu lence   r e sponse  

Cont ro l   sens i t iv i ty  

Direc t iona l   s tab i l i ty  

Yaw damping 

Y a w  due   t o   ro l l  rate 

Yaw d u e   t o   a i l e r o n  

Turbu lence   r e sponse  
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TABLE A2 

INPUTS TO NORMAL  FORGE  CONTROL 

Input Funct ion  Varied 

Control   column  displacement  Lift due t o   c o n t r o l   ( s i m u l a t e s   e l e v a t o r  l i f t ,  o r  
d i r e c t  l i f t  control   in tegrated  with  column) 

Thrus t   l eve r   d i sp l acemen t   L i f t   due   t o   t h rus t ,   d i r ec t  l i f t  cont ro l   in tegra ted  
wi th   th ro t t le  

Column  thumbwheel  Sepa ra t e   d i r ec t  l i f t  con t ro l  

Radar   a l t i tude  Ground  effect   l i f t ;   wind  gradients  

A i r speed  , Lift   change  with  speed 

Angle of a t t ack  Li f t   response   to   angle  of a t tack  

P r o p e l l e r   p i t c h  Lif t   due  to   thrust  

S imula ted   tu rbulence  Turbulence   response  

TABLE  A3 

INPUTS  TO  THRUST/ DRAG MODULATION  SYSTEM 

Input Function  Varied 

Control   column  displacement   Drag  due  to   control   (s imulated  control   sur-  
f ace   d rag ;   d rag   due   t o   d i r ec t  l i f t  cont ro ls  
integrated  with  column) 

Thrus t   l eve r   d i sp l acemen t   Thrus t   command /   t h ro t t l e   s ens i t i v i ty  

Column  thumbwheel 

R a d a r  a l t i tude 

Ai r speed  

Angle of a t t ack  

Drag  change  due  to   direct  l i f t  cont ro l  
( s epa ra t e   con t ro l l e r )  

Ground  effect   drag  change;  wind  gradients 

Drag  change  with  speed 

Drag  change  with  angle of a t tack  
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Simula ted   in te rac t ing   e f fec ts  are  handled   by   us ing   inputs   f rom  the  
var ious   cockpi t   cont ro l le rs :   p i tch ing   moments   and  l i f t  changes   due   to   power  
are provided  by  interconnect ing  the  e levator   and  the  f lap  with  the  thrust   lever  
(MgT,   LgT) ;   and   l i f t   and   drag   changes   due   to   p i tch   cont ro l le r   d i sp lacement  
are represented   in  LhS a n d  D6s. O t h e r   c o n t r o l l e r s   m a y  be s i m i l a r l y   i n t e r -  
connected. 

SAFETY  CONSIDERATIONS 

By i t s   ve ry   na tu re ,   l and ing   r e sea rch   i nvo lves   r epea ted   exposure   t o  
min imum-speed ,  low -control labi l i ty   s i tuat ions,  so  spec ia l   cons ide ra t ion   was  
g iven   to   p rovid ing   suf f ic ien t   a i r f rame  s t rength   and   s imula t ion   sys tem  re l ia -  
b i l i t y   t o   make   t he   r i sk  of d a m a g e   f r o m   o c c a s i o n a l   h a r d   t o u c h d o w n s   o r   c o n t r o l  
sys t em  f a i lu re s   accep tab ly   l ow.   The   ma t t e r  of s t r eng thened   l and ing   gea r   was  
ment ioned   in   an  earlier sec t ion ;   t he   con t ro l   sys t em  a spec t s   w i l l   be   d i scussed  
h e  re. 

SAFETY  PILOT  FUNCTION - Fundamen ta l   t o  the opera t ion  of an   i n -  
f l igh t   s imula tor  is  the   concept   tha t  a safety  pi lot   wi l l   cont inual ly   fol low  the 
movemen t s  of the   bas ic   a i rp lane   cont ro ls ,   moni tor   the   sys tems  and   the   f l igh t  
path,   and be r eady   t o   d i sengage   o r   ove r r ide   t he   eva lua t ion   p i lo t   i n   ca se  of a 
mal func t ion   or   unsafe   condi t ion .   For   d i sengaging ,  a disconnect   switch  on  the 
con t ro l   whee l  is the   p r imary   cu tout ,   wi th   the   main   e lec t r ica l   and   hydraul ic  
cont ro ls   p rovid ing   secondary   means  of deac t iva t ing   the   sys tem.  

Manual   over r ide  of t h e   h y d r a u l i c   s e r v o a c t u a t o r s  is p o s s i b l e   f o r  all 
cont ro ls   except   the   f lap .   The   force   requi red  is set th rough   an   ad jus t ab le  
poppet   valve  on  each  servo - 178N (40 lb)  being  typical.  

Warning  of s y s t e m   f a i l u r e s  is provided  by a f l a sh ing   mas te r   warn ing  
l ight  on  the  upper  edge of t he   i n s t rumen t   pane l   i n   f ron t  of the  safety  pi lot ,   wi th  
individual   channel   disengage  warning  on a panel   s l igh t ly   lower   and   to   the   r igh t .  

REDUNDANT  CONTROL  C,HANNELS - T h e   e l e v a t o r ,   a i l e r o n ,   . a n d  
thro t t le   sys tems  incorpora te   redundant   cont ro l   channels .   The   ph i losophy 
h e r e  is tha t   ha rd -ove r   con t ro l   i npu t s   r e su l t i ng   f rom  sys t em  f a i lu re s  a re  p a r -  
t i cu la r ly   dangerous   in   th i s  low -speed ,  low -al t i tude  s i tuat ion,   and  should  be 
guarded  against  if possible .   With  the  redundant   channels ,   any  substant ia l  
e r ro r   be tween   t he   commanded   and   ac tua l   con t ro l   pos i t i on  is de tec ted ,   and  a 
switchover   to  a second  se rvo  is made .   The   eva lua t ion   p i lo t   re ta ins   cont ro l  
dur ing   th i s   p rocess ,   bu t  all inputs   to   the  switched  channel ,   except   those  f rom 
the   con t ro l   co lumn,   a r e   e l imina ted ,   t hus   r educ ing   t he   poss ib i l i t y   t ha t  a defec-  
t i ve   t r ansduce r   o r   s igna l   pa th  is caus ing   the   p roblem.   Redundant   sensors   for  
the   cont ro l   input   s igna l  a re  inco rpora t ed ;   t he   o the r   t r ansduce r s   a r e   no t   dup l i -  
cated.   The  fact   that  a channel   has   swi tched   to   the   secondary   se rvo  is c o m -  
munica ted   to   the   sa fe ty   p i lo t   by   the   a forement ioned   warn ing   l igh ts ,   and   he  
can   t hen   d i sengage   t he   sys t em  and   a s sume   con t ro l .  
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The   e l eva to r  is c l ea r ly   c r i t i ca l   w i th   r ega rd   t o   f a i lu re s   wh ich   r e su l t  
in   sudden   fu l l   def lec t ion ,   wi th   the   a i le rons   on ly   s l igh t ly  less so. Redundancy 
was   i nco rpora t ed  in the   th ro t t le   channel   to   reduce   the   poss ib i l i ty  of a f a i lu re ,  
which  would  apply  power  with  the  propel ler   b lade  pi tch  below  the  normal   low- 
pi tch  s top,  a condition  which  would  overspeed  the  engine.   Redundancy  was 
no t   i nco rpora t ed   i n   t he   rudde r   o r   p rope l l e r   p i t ch   channe l s ,   because   i nad -  
ve r t en t   d i sengages   were   f e l t   t o  be less critical, and ,   s ince   he   fo l lows   peda l  
and  Beta   motions  cont inuously,   the   safety  pi lot   can  very  effect ively  overr ide 
la rge-def lec t ion   fa i lures .  The f lap   channel   was   no t   dupl ica ted   because   mos t  
f a i l u r e   m o d e s  are not   hazardous - t he   su r f ace  trails aerodynamica l ly  at a 
10  deg  down  posit ion,   and  upon  disengage,  i ts   return  to  this  posit ion  from 
up-deflect ions is rapid.   Down-f lap  def lect ions  c lear ly   pose  no  safety  prob-  
lem; up-f lap   hardovers   could  be haza rdous   due   t o   t he   l a rge  l i f t  loss,,  but 
this h a s   p r o v e d   t o   b e  a f a i lu re   mode  so  ins tan t ly   recognizable   by   the   sa fe ty  
pi lot   that  a disengage  (with  subsequent  down-float of the  f lap)   can  be  effected 
w i t h   v e r y  small al t i tude loss.  

WAVEOFF  AUTOMATION - To  a id   t he   s a fe ty   p i lo t   i n   r ecove r ing   f rom 
an   excess ive   s ink   ra te   s i tua t ion ,   an   "abor t   mode"   sys tem  d isengage   can   be  
used .   Act iva ted   by   p ress ing   the   d i sengage   thumb  swi tch ,   the   f lap   t rave ls  at 
m a x i m u m  rate to  a 2 0  deg  down  posit ion  and  power is au tomat ica l ly   advanced  
t o  a c l i m b   s e t t i n g ;   p r i m a r y   c o n t r o l   r e v e r t s   t o   t h e   s a f e t y   p i l o t .   U s i n g   t h i s   s y s -  
t e m ,   r e c o v e r y   f r o m  a 70  kt, 6 deg   approach( s ink  rate of 3 . 8 m / s  o r   1 2 . 5 f d s ) w i t h  
a s imula ted   up- f lap   fa i lure   can   be   made   wi th  less than   3m  (10 f t ) a l t i t ude  loss. 

COCKPIT AND E V A L U A T I ~ N  PILOT CONTROLS 

The   i n s t rumen t   pane l   and   con t ro l s  a re  shown at left. The   r igh t  seat 
is oc'cupied  by the  safety  pilot   who 
opera tes   the   normal   Navion   wheel   and  
rudder   and   the   powerplan t   cont ro ls  
which  have  been  re located  on  the  r ight  
s ide  of the   cockpi t .   S imula t ion   sys-  
tem cont ro ls   occupy  the   r igh t   s ide  of 
t he   pane l   and   t he   l ower   and   midd le  
consoles .  

The  evaluat ion  pi lot  is seated  on 
the left and  provided  with a s t anda rd  
f l ight   inst rument   layout   and  conven-  
t iona l   co lumn,   rudder ,   and   th ro t t le  
c o n t r o l s .   L i n e a r   f o r c e   g r a d i e n t s  
with  no  perceptable   nonl inear i t ies  
are incorpora ted .   The   grad ien ts  
a r e   g round   ad jus t ab le   by   r ep lac ing  
spr ings .   The   va lues   shown  in  
Table A4 are  cur ren t ly   be ing   used .  
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TABLE  A4 

CURRENT  VALUES  FOR  LINEAR  FORCE  GRADIENTS 

C o n t r o l   F o r c e   G r a d i e n t   T r a v e l  

P i tch   co lumn 7. 9 N /  cm  (4 .5   l b /   i n .  ) 7.6 c m   f o r w a r d  (3 in. ) 
1 5 . 2   c m  aft ( 6  in. ) 

Wheel  2. 6N/  c m   ( 1 . 5   l b /   i n .  ) h 1 9 . 5   c m  (rt7.7 i n . )  
+ 8 0  deg 

P e d a l   4 4 N /   c m   ( 2 5   l b /  i n .  ) h 6 . 3   c m   ( 5 2 . 5   i n .  ) 
Throt t le   Adjustable   f r ic t ion 13 .3   cm  (5 .25   in .  ) 

Note :   Three   - ax i s .   t r imming  is provided. 

1. 

2. 

3 .  

Special   controls   present ly   instal led  include  the  fol lowing:  

D i rec t  Lift: Thumbwheel   separa te   cont ro l le r ;   in tegra ted   wi th   p i tch  
co lumn;   in tegra ted   wi th   th ro t t le .   Adjus tab le   moment   and   drag   in te r -  
connects  a re  avai lable .  

P i tch   a t t i tude   command  propor t iona l   to   co lumn  d isp lacement ,   wi th  
t r immable   a t t i tude   ho ld .  

P i tch   ra te   p ropor t iona l   to   co lumn  d isp lacement   wi th   a t t i tude   ho ld .  

At t i tude   ho ld   may  a l so  be se lec ted   wi th   any  of t he   d i r ec t   l i f t   sys t ems  
engaged. 

DATA  ACQUISITION 

Data  acquis i t ion is through  te lemet ry ,   wi th  4 3  channels   avai lable .  
A i r f r ame   mot ion   pa rame te r s   ( l i nea r   acce l e ra t ions ,   a .ngu la r  rates, at t i tude,  
and   head ing) ,   con t ro l   i npu t s ,   and   pe r fo rmance   measu res ,   such  as  loca l i ze r  
and  gl ide-s lope  deviat ion,  are  normal ly   recorded .   Al t i tude   and   a l t i tude   ra te  
a r e   a v a i l a b l e   f r o m   t h e   r a d a r   a l t i m e t e r .  

Cor re l a t ion  of touchdown  t ime  wi th   the   o ther   parameters  is obtained 
through a record ing  of fore-and-af t   acce le ra t ion  of t he  m a i n  landing   gear  
s t rut ;   wheel   spinup  loads  produce  enough  s t rut   motion  to   mark  even  very 
smooth  landings.  
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APPENDIX B 

NONLINEAR  .FUNCTION  GENERATOR 

The   con t ro l   su r f aces  of the   in - f l igh t   s imula tor   a re   power   ac tua ted  
a n d   c o m m a n d e d   b y   e l e c t r i c a l   s i g n a l s   f r o m   v a r i o u s   s e n s o r s   a n d   t h e   e v a l u a -  
t ion   p i lo t ' s   cockpi t   cont ro ls .   For   th i s   exper ime.n t   the   l inear   s igna l   f rom  the  
r o i l   c o n t r o l   w h e e l   t o   t h e   a i l e r o n   w a s   p a s s e d   t h r o u g h  a nonl inear   funct ion 
gene ra to r   t o   p roduce  a piecewise  cont inuous  approximation  to   the  nonl inear  
control   effect iveness   curve  shown i n  Figure  1,   page  1.  

The  two  sketches  below  i l lustrate   the  funct ioning of the  nonl inear  
e l emen t  of the   sys tem.  

Po ten t iome te r   (Po t )  1 cont ro ls   the  
magnitude of the initial slope gl , 
while  pot 2 cont ro ls   the   second  seg-  
ment  slope  which starts af ter   the   dead 
zone B1 of the  diodes.   The  two  s ignals  
a r e   s u m m e d   b y   A m p l i f i e r  1 .  P o t  3 

f i e r s  2 and 3 and  the i r   d iode   ne twork  
\ L- con t ro l s   t he   t h i rd   s lope ,  g3 ; Ampl i -  

4 B2=, ei 
' g, change  the s ign of the   s igna l   and   pro-  

vide  posi t ive  or   negat ive  components  
beyond  breakpoint B2. Fina l ly ,   Ampl i f ie r  4 adds  all of the   segments  t o  p r o -  
duce  the  desired  curve.   Al though  not   indicated  in   the  sketch,   both  break-  
points B, and Bz a re   ad jus t ab le .  

Wi th   re fe rence   to   the   measur ing   po in ts  on the  sketch,   the  following 
re la t ionships   can   be   wr i t ten :  
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2. 6 = O  when 6 B1 
a2 aw 

= ( 8  - Bl)g2  when 6 > B1 
aw  aw 

3 .  6 = o  when 6 B2 
a3 aw 

= - [ -(6al t 6 ) + B2 Ig3  when 6 > B2 
a2 aw 

so  that  

when 6 5 B1 

when B1 < 6 5 Bz 

ELW 

aw 

B2 183 when 6 aw > B2 

Con t ro l  Uni t   and   Cal ibra t ions .   The   func t ion   genera tor   was   conta ined  
in  a module  which  a l lowed  in-f l ight   access   to   the five con t ro l s   needed   t o  set 
the   ga ins   and   breakpoin ts .  

The   un i t   was   g round-ca l ibra ted   to   p roduce   the   s ix   conf igura t ions   d i s -  
cussed   in   the   repor t .   Except   for   Conf igura t ion  6 w h e r e  a high  gain limit w a s  
encountered ,   the   p lanned   func t ions   were   c lose ly   matched ,   and   in   tha t   par t icu-  
lar case   i t   was   fe l t   tha t   the   devia t ion   would   no t   s ign i f icant ly   a f fec t   the   resu l t s .  
Cal ibra t ion   curves   a re   shown  in   the   fo l lowing   ske tch .  
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Conf igura t ion   Cal ibra t ion   Curves  

T h e   c h a r a c t e r i s t i c s  of the   ca l ibra ted   conf igura t ions  are l i s ted   in   the  
following  table.  

TABLE  B1 

Slope  Breakpoint   Slope 

'J Configuration GI B1 ? G2 

1 0 18 1. 71 

2 0 36  1 .71 

3 0. 56  24 1. 71 

4 0 18 4 . 7  

5 0 18 4 . 4  

6 4. 0 15 0. 75 

Breakpoint  

aw J32 % 6 

78 

92 

78 

3 8  

30 

82 

Slope 
GB 

0 

0 

0 

0 

0.73 

0 



Note  that   the   s lope G d i f f e r s   f r o m   t h e   e l e c t r i c a l   g a i n  g used   prev ious ly  i n  
desc r ib ing   t he   sys t em;   t hey   a r e   r e l a t ed   by   t he   fo l lowing   expres s ions :  

Change i n  s imula tor   a i le ron   def lec t ion ,   %.of   maximum 6, 
G E  

Change i n  s imula tor   cont ro l   wheel   def lec t ion ,  % of maximum 6 
aw 
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APPENDIX C 

NOTATION 

C 
4. 

ILS 

I 
X 

I 
Y 

I 
Z 

L 

L6 aw 

L 
P 

M 

M 0 
N 

N6 aw 

R .  M. 

CY 

6 

6 
aw 

S 

6 T  

‘r 

Rolling  Moment  Coefficient 

Ins t rument   Landing   Sys tem 

Moment  of Iner t ia   in   Rol l ,   kg -rn2 (slug-ft’) 

Moment  of Inertia  in  Pitch,   kg-m2  (slug-ft’)  

Moment of Iner t ia   in  Yaw , kg-m’ (s lug  -ft’) 

Rolling  Moment,  N - m  ( f t - lb )  

Rol l   Cont ro l   Ef fec t iveness   Der iva t ive ,  - - a L  , 1 /  sec2 
1 

I a 6  
X aw 

Roll   Damping  Derivative,  - - , 1 /   s e c  1 a L  
I a p  X 

Pi tch ing   Moment ,  N - m  ( f t  -1b) 

Pi tching  Moment   Derivat ive,  - - 1 a M  

Y 
I a( 

Yawing  Moment N -m ( f t - lb)  

Yaw due   to   Rol l   Cont ro l   Der iva t ive ,  - - 1 a N  , I /  sec’ 
I Z a 6 a w  

Rolling  Moment 

Angle of A t t ack ,   deg   o r   r ad  

Roll   Control   Deflect ion,   deg,   rad,   or   in .  

Pitch  C.ontrol  Deflection, cm (in. ) 

Thrus t   Cont ro l   Def lec t ion ,   cm  ( in .  ) 

Rol l   Mode   Time  Cons tan t ,   sec  

Dutch   Rol l   Mode   Natura l   Frequency ,   rad /   sec  

Dutch  Roll   Mode  Damping  Ratio 
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